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Abstract 
Effect of Diet, Age, and Genetics on Rainbow Trout Growth and Fillet Quality 
Bahareh Adami 
In this study, analyses were conducted to compare fillet quality attributes of 4 rainbow trout 
families (40, 102, 159, and 187) fed fish meal (FM) and a fishmeal free diets (FMF), to two age 
endpoints, 9 and 11 months. 
Previous studies with rainbow trout have evaluated effect of age, diet, and family on growth 
performance and fillet quality. However, comprehensive analysis of variables, is lacking for 
rainbow trout, one of the main aquatic foods for domestic and international consumers.  
Separable muscle as a percent whole body weight was not affected by diet, family, age, 
and the interaction of these main effects. 
Butterfly fillet as a percent of whole weight was affected by diet with a family-by-age 
interaction (P<0.05). Age affected fillet thickness of rainbow trout (P<0.05). In addition, fillet 
thickness was affected by the family-by-diet interaction (P<0.05). Percent intramuscular moisture 
and fat were affected by diet and family (P<0.05); whereas, ash content was not affected by diet, 
age, or family (P>0.05). Crude protein was higher in fish at 11 than at 9 months (adjusted p-
value=0.01). Raw Allo-Kramer shear force was higher at 11 months (adjusted p-value=0.002). 
Also, trout from family 187 had a higher shear force compared to families 40 and 159 (adjusted p-
value=0.01 and 0.005, respectively). The family-by-age interaction was significant for cooked 
Allo-Kramer shear force (P<0.05). Average a* value was affected by diet, family, and 
age(P<0.05), while average b* value was not affected by diet, family, and age (P>0.05). A 
significant diet-by-family interaction was observed for L* value (P<0.05). Cooked and raw fillet 
energy was higher at 11 than at 9 months (adjusted p-value=0.0001 and 0.0001, respectively). 
Moreover, shear energy of cooked and raw fillets from fish fed the FM diet was higher (adjusted 
p-value=0.0004 and 0.0009, respectively) compared to the FMF diet. Head-on-gutted (HOG) yield
was affected by diet and the interaction of family-by-age (P<0.05). Overall, a FMF diet could 
replace with a FM diet without any negative effect on whole-body weight of rainbow trout, and 
replacement may improve select fillet qualities attributes. Lastly, there is a positive correlation 
between age and fillet quality attributes, a* value, belly flap thickness, fillet thickness, average 
protein, cooked energy, and raw energy. 
This work provides supportive information for future evaluations of the effect of age, diet, 
and family on trout fillet quality attributes.   
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1 
Introduction 
Fish fillets are a high-protein, low-fat food that provides a variety of health benefits. Oily 
fish are high in omega-3 fatty acids, which are important to human health (Karakatsouli, 2012). 
This nutritional attribute has increased the demand for fish. The aquaculture industry has evolved 
to address this demand (FAO, 2013) through land-based aquaculture production systems. 
Based on the Food and Agriculture Organization of the United Nations (FAO), the 
production of salmonids, such as rainbow trout, has grown exponentially since the 1950s; the 
global aquaculture production of rainbow trout has increased in the last 20 years from 277,997 to 
814,090 tons.  
Due to aquaculture’s growth and limited supply of fishmeal and fish oil, efficient use of 
sustainable feed ingredients has become increasingly important. Aquaculture industries have 
recognized that continued, high use of fishmeal is not economically sustainable, and there is need 
to identify alternatives to traditional fishmeal (Naylor et al., 2009, Gatlin et al., 2007). 
 A variety of potential diet ingredients has been introduced to the aquaculture industry. 
Feed ingredients that are local or regional in nature have been considered as fishmeal substitutes, 
including single cell proteins such as yeast, bacteria, and micro-algae (Bairagi et al., 2004; Ng et 
al., 2002; Wang et al., 2006).  
Lupins, field peas, and any material that is not considered for human consumption could 
be used as ingredients in fish diets depending on compatibility with fish digestion (Glencross et 
al., 2011; Hernández et al., 2016). Animal by-products, such as meat and poultry products, are 
another source of ingredients, but phosphorus content may limit use. High-quality, poultry by-
products that are low in phosphorous and high in protein concentration (Sealey et al., 2011) may 
be appropriate for these diets. Mixed nut meal, wheat flour, and corn protein concentrate are 
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protein ingredients that may substituted for fishmeal diet (Davidson et al., 2016). Plant-based 
products may be a reasonable protein source to replace fishmeal in the diets of fish species, such 
as rainbow trout. Plant-protein sources may include, plant-protein meals and plant-protein 
concentrates (Lim et al., 2009). Canola, soy, pea, barley, rice protein concentrates, along with 
wheat gluten meal, have all been tested as fishmeal replacements with varying degrees of success 
(Forster et al., 1999; Thiesses et al. 2003; Barrows et al., 2007; Lim et al., 2009; Gaylord and 
Barrows, 2009).  
One concern during the rearing of rainbow trout is the effect of age on fillet yield and 
quality (Paaver et al., 2004). Relative to fish age, fat content increases with size. During sexual 
maturation, lipid content increases significantly at the start of gonadogenesis and subsequently 
decreases during gonadogenesis, reaching a minimum level after spawning.  (Aussanasuwannakul 
et al., 2011; Weil et al., 2013). 
Fertile, rainbow trout females develop ovaries, mobilizing energy and other stored nutrients 
to support egg growth (Aussanasuwannakul et al., 2011; Manor et al., 2014). Lipid and protein 
mobilization to support egg growth affects fillet quality and reduces muscle mass, measured as 
percent separable muscle (Salem et al., 2006). Decreased fillet lipid and protein content during 
this period diminishes quality and yield.  
With limited knowledge of combined effects of diet, age, and genetics or family on fillet 
quality of rainbow trout, more research is needed. Specifically, there is limited research addressing 
the relationship between fishmeal alternatives and fillet quality as affected by age and genetics. 
The primary objective of this study was to determine the influence of family, age (9 and 11 
months), and diet (fishmeal and fishmeal free) on percent separable muscle accumulation and fillet 






1.1 Adipose tissue in fish 
Lipids are the predominant source of energy for fish, and these animals store fat in adipose 
tissue depots throughout their body. Subcutaneous, peri-visceral, and intramuscular adipose tissues 
influence carcass composition and fillet yields. In addition, intramuscular fat affects organoleptic 
properties of fillet. Sheridan et al. (1988) mentioned that the major sites of fat deposition in fish 
are the perivisceral, muscle, and liver. Adipose tissue that influences carcass quality may be 
divided into discarded and consumed fat. Discarded fats are visceral fat, located in the abdominal 
cavity, and subcutaneous fat, just deep to the skin. Subcutaneous fat is more prominent dorsally 
and ventrally, at the midline. Dorsal subcutaneous fat is prevalent in a region between the head 
and the dorsal fin. In addition, ventral subcutaneous fat is located along the ventral midline. 
Consumed fat depots are in white and red muscle, and ninety percent of fish skeletal muscle is 
composed of white muscle.  
1.1.1 Biology of adipose tissue in fish 
White adipose tissue (WAT) is a specific type of connective tissue that contains neutral-
lipid-filled cells called adipocytes. Adipose tissue plays an important role in energy homeostasis 
in two ways: 1- regulation of adipocyte lipid turnover, and 2- the secretion of adipokines 
[e.g.adiponectin, leptin and tumor necrosis factor α (TNFα)] that have an endocrine function and 
act on the central nervous system (CNS) and peripheral tissues to regulate processes such as 
appetite, glucose homeostasis and lipid metabolism. (Konige et al. 2014; Rutkowski et al. 2015; 





The main storage form of neutral lipid in fish is triglycerides (TG). Species, plane of 
nutrition, life-stage, and physiological state have a direct effect on the fat depot location (Flynn et 
al., 2009; He et al., 2015; Weil et al., 2013). The preferential lipid storage sites in fish are 
perivisceral, subcutaneous, intramuscular, and hepatic (Flynn et al., 2009; He et al., 2015; Weil et 
al., 2013). Moreover, Adipose Tissue in fish is a source of metabolic energy for growth, 
reproduction, embryonic and yolk-sac larval development, and swimming. 
1.1.2 Lipid metabolism in adipocytes  
Adipose tissue regulates lipid metabolism for several reasons. First, mature adipocytes 
create energy reserves throughout lipogenesis. They take FAs or other substrates (e.g. glucose or 
amino acids) from the diet and convert them into TG for long-term storage. Subsequently, when 
energy is required, TGs in fat cells break down into FAs and glycerol via lipolysis, and these FA’s 
are released into the blood. Lipolysis and lipogenesis are regulated by the integration of endocrine 
and neural mechanisms that cooperate to maintain the relative constancy of body fat under normal 
conditions (Fonseca et al., 2006). The expression of these enzymes increases as part of the normal 
biochemical function of the mature adipocytes. 
A third activity is beta-oxidation, a catabolic process by which fatty acid molecules are 
broken down in the mitochondria to generate acetyl-CoA; this intermediate enters the citric acid 
cycle. Resulting NADH + H+ is oxidized via the electron transport system to NAD+ with 
concomitant generation of ATP as the energy currency for cell activity. Several hormones and 
growth factors, in concert with enzymes and transcription factors, regulate lipogenesis, lipolysis, 





Triglyceride is a triester of glycerol and three fatty acids molecules. The glycerol needed 
for TG synthesis comes from three different sources, Glycolysis, Glyceroneogenesis, and 
Phosphorylation (Proença et al., 2014). 
Fatty acids for TG syntheses can be obtained from three different sources: 1- incorporation 
of FAs bound to albumin; 2- Hydrolysis of lipoproteins; and 3- Synthesis of FAs within the 
adipocyte from acetyl coenzyme-A subunits (Proença et al., 2014). Fatty acids from the first two 
sources are carried by the blood, using FA transporters, while the third source of FAs is the 
synthesis of acetyl-CoA and FAs from non-lipid precursors and is known as de novo lipogenesis 
(Proença et al., 2014). 
1.1.3 Accretion of adipose tissue in fish 
During adipocyte hyperplasia, formation of new adipocytes from precursor cells occurs, 
characterized by progenitor proliferation and differentiation. And, there are limitless possibilities 
for adipocyte recruitment from fibroblast-like cells when lipid storage space is needed during 
animal development. 
In mammals and birds, hyperplasia is mostly complete at birth; whereas in fish, 
hyperplasia occurs during early life stages (Umino et al., 1996) as well as throughout life 
(Fauconneau et al., 1997; Spalding et al., 2008). 
During adipocyte hypertrophy, lipid load in existing adipocytes increases due to excess 
caloric intake. In gilthead sea bream, fish were fed for 14 months with a fish oil diet and fish oil 
free diet containing 66% vegetable oil. Isolated adipocytes from fish fed the fish-oil-replacement 
diet exhibited increased lipolytic activity and adipocyte hypertrophy (Cruz-Garcia et al., 2011). 
Thus, fish on a high fat diet or on a diet containing a high percentage of vegetable oils expand their 





maximum fat cell size is reached within a population of adipocytes, and this change initiates a 
wave of recruitment of adipocytes for additional lipid storage space. 
1.2 Modulation of adiposity by extrinsic and intrinsic factors 
Both environmental (extrinsic) and intrinsic factors influence feeding behavior and feed 
intake, which in turn affect growth and adiposity of fish (Weil et al., 2013).  
1.2.1 Extrinsic factors 
Seven to 10-week starvation decreased carcass and visceral lipids in white sturgeon. In 
addition, long-term starvation in rainbow trout causes lipid mobilization from the viscera as 
opposed to muscle and liver (Jezierska et al. 1982). Consistent with the effect of long-term 
starvation, short-term starvation (2 weeks) induced a decline in visceral fat in juvenile sea bass 
(Navarro and Gutie ́rrez, 1995). Dietary fat levels influence body growth as well as fat deposition 
in different fish species. These studies support an order of adipose tissue mobilization different 
from order of mobilization in terrestrial food animal species. In terrestrial species, the order of 
mobilization would begin first from the intramuscular adipose tissue. In the context of aquaculture, 
high lipid diets increase fish adiposity; fillet moisture content is decreased without modifying 
protein content (Green and Selivonchick, 1987). In rainbow trout, dietary fat levels modulate fat 
deposition in viscera and carcasses, without a precise relationship to muscle lipid content or 
subcutaneous fat (Jobling et al., 1998). The effect of diet on visceral fat deposition, is related to 
fish body size in rainbow trout; hyperplasia and hypertrophy of adipocytes have been observed in 
small trout, while in larger trout, the response is due mostly to adipocyte hypertrophy (Ge´lineau 
et al., 2001). 
Fish meal and fish meal free diets have received attention for many decades in aquaculture 





and fish oil has risen steadily due to static supply and increasing demand, the aquaculture industry 
has considered more economical and sustainable ingredients for use in aquafeeds (Tacon and 
Metian, 2008; Naylor et al., 2009; FAO, 2014). Therefore, a variety of alternatives have been 
introduced to the aquaculture industry, such as algal and bacterial proteins (Kiron et al., 2012), 
poultry by-product (Fowler,1991), nut meal (Barrows and Frost, 2014) , and plant-derived proteins 
(Gatlin et al., 2007). Different studies have monitored the effect of plant-based proteins on 
aquaculture species (Salze et al., 2010). Research on rainbow trout (Oncorhynchus mykiss) 
showed that substitution of fishmeal with protein blends in a fishmeal free diet can result in 
comparable growth (Barrows et al., 2007; Davidson et al., 2013; Barrows and Frost, 2014).  
Replacement of vegetable oil with fish oil differentially affected hypertrophy of adipocytes 
originating from dorsal or ventral locations in rainbow trout (Fauconneau et al.1997). In addition, 
visceral fat is influenced by replacement of fish oil with vegetable oil in different fish species. 
Replacement of fish oil by vegetable oil in gilthead sea bream promotes an increase in the 
adipocyte lipolytic activity by increasing hormone sensitive lipase (HSL) activity (Cruz-Garcia et 
al.2011).  
1.2.2 Intrinsic factors 
There is a positive relation between fat content and fish age; as fish age increases total lipid 
increases (Kiessling et al. 1991). Research addressing visceral fat content showed that muscle fat 
content increases with fish size in rainbow trout (Kiessling et al. 1991) as well as in post-smolt 
and older/larger Atlantic salmon (Jobling et al. 2002; Jobling and Johansen 2003). It appears that 
muscle is an important fat depot in salmonid species, characterized by a non-uniform distribution 





Reproduction is an intrinsic factor that modulates adiposity. Studies in rainbow trout 
showed that dorsal, intramuscular lipid content increased significantly at the beginning of 
ovogenesis and spermatogenesis and then decreased during ovulation and spermiation (Weil et al. 
2000). Aussanasuwannakul et al. (2011) reported that, during sexual maturation, fat content in 
diploid, fertile fish decreased to support egg development compared to triploid, sterile fish. 
1.3 Order of fat deposition in fish 
Progression of adipose tissue deposition occurs in specific regions referred to as adipose 
tissue depots. These regions form from an accumulation of adipocytes, the predominant cells of 
adipose tissue, and they develop at different times and at different rates.  
Major lipid storage sites in fish are mesenteric adipose tissue, intramuscular adipose tissue, 
and liver. Cod, which are deep water feeders, have little lipid stored in skeletal muscle but 
considerable lipid stored in the liver. Rainbow trout, which are active surface feeders, have 
substantial amounts of lipid stored in skeletal muscle. Of the two skeletal muscle types, dark 
muscle stores more lipid than light muscle. Robinson and Mead (1973) showed that trout force fed 
palmitic acid incorporated radioactivity into dark muscle lipid at a 5-fold higher amount than in 
light muscle lipid.  
1.4 Effects of fatty acids on meat quality 
Fatty acids affect various muscle quality attributes. Fatty acid composition of the lipid 
affects melting point; saturated fatty acids have a higher melting point than unsaturated fatty acids.  
These differences are observed as oil in fish or solid fat in muscle foods from terrestrial species; 
in the 18C fatty acid series, stearic acid (18:0) melts at 69.6 °C, oleic acid (18:1) at 13.4°C, 18:2 at 
-5 °C and 18:3 at -11°C. Therefore, with increasing unsaturated fatty acids, melting point decreases 





a higher temperature than their cis-isomers and branched chain fatty acids have lower melting 
points than straight chain fatty acids with the same number of carbon atoms (Enser, 1984).  
Unsaturated fatty acids are more susceptible to peroxidation. Lipid peroxides generated 
from free-radical lipid oxidation contribute to color deterioration through oxidation of red 
oxymyoglobin to brown metmyoglobin.  Moreover, oxidative deterioration of fats can result in 
off-flavor and off-odor development; lipid oxidation is a major reaction in foods that causes 
significant loss of quality. 
1.5 Biochemistry of lipids 
Lipids are a group of nonpolar compounds that are, in turn, insoluble in water. They have 
broad biological function and structure. In addition, they are the primary source of stored energy 
in many organisms. Phospholipids and sterols are major structural elements of biological 
membranes. In addition, other lipid classes play fundamental roles as enzyme cofactors, electron 
carriers, emulsifying agents in the digestive tract, hormones, and intracellular messengers. 
Fats in living organisms are derivatives of fatty acids and serve as a storage form of energy 
and essential fatty acids. Fatty acids consist of straight chain carbon atoms, with hydrogen atoms 
along the length of the chain. They have two ends; the carboxylic acid (COOH) group is on one 
end (alpha) and other end of the molecule (omega) has a methyl (CH3) group. The hydrocarbon 
chain in fatty acids could vary from 4 to 36 carbons (C4 to C36). This chain could be straight 
without any branch and become saturated or it could have branches along it and become 
unsaturated (Nelson and Cox, 2013). Melting point, as previously discussed, is directly influenced 
by the degree of molecule saturation and conformation. In saturated fatty acids, each carbon bond 
has free rotation that gives a flexibility to the hydrocarbon chain. Therefore, these fats can pack 





cannot pack together tightly, and their interactions with each other are therefore weaker. Therefore, 
less energy is needed to breakdown these links and they have a lower melting point compared to 
saturated fats (Nelson and Cox, 2013).  
Two primary polyunsaturated fatty acids [PUFA] in fish are Docosahexaenoic acid [DHA] 
and Eicosapentaenoic acid [EPA] (Swanson, 2012). Fish-derived omega-3 fatty acids, EPA and 
DHA, are needed for normal fetal development, and they affect cardiovascular function and 
predisposition to Alzheimer's disease. However, because our bodies do not efficiently produce 
these fatty acids, some omega-3 fatty acids are needed from outside sources (Swanson, 2012). 
Fatty acid synthesis occurs in the cytoplasm of cells. Biosynthesis requires the participation 
of a three-carbon intermediate, malonyl-CoA. The formation of malonyl-CoA from acetyl-CoA is 
an irreversible process that is catalyzed by acetyl-CoA carboxylase. Malonyl-CoA donates two 
carbons to an activated acyl group. When the chain length reaches 16 carbons, that product 
(palmitate, 16:0) leaves the cycle. Net products of fatty acids synthesis are, one molecule of 
palmitate, fourteen NADP+, six molecules of water, and eight COASH (Ohlrogge, 1997). 
Mitochondrial oxidation of fatty acids takes place in three stages. In the first stage-β 
oxidation-the fatty acids undergo oxidative removal of successive two-carbon units in the form of 
acetyl-CoA, starting from the carboxyl end of the fatty acyl chain. In the second stage of fatty acid 
oxidation the acetyl residues of acetyl-CoA are oxidized to CO2 via the citric acid cycle, which 
also takes place in the mitochondrial matrix. The first two stages of fatty acid oxidation produce 
the reduced electron carriers NADH and FADH2, which in the third stage donate electrons to the 
mitochondrial respiratory chain, through which the electrons are carried to oxygen.  
Oxidation of fatty acids is an energy-yielding pathway in many organisms and tissues. 





chain, driving ATP synthesis; acetyl-CoA, produced from fatty acids may be completely oxidized 
to CO2 in the citric acid cycle, resulting in further energy conservation. The biological role of fatty 
acid oxidation differs from organism to organism, but the mechanism is the same.  
The enzymes of fatty acid oxidation in animal cells are in the mitochondrial matrix. Fatty 
acids with chain lengths of 12 or fewer carbons enter mitochondria without the help of membrane 
transporters. In contrast, fatty acids with chain lengths of 14 or greater cannot pass directly through 
the mitochondrial membranes and undergo the three enzymatic reactions in the carnitine shuttle. 
During β-oxidation and cleavage of 2-carbon units from the fatty acid chain, acetyl-CoA is 
generated and enters the citric acid cycle. Reduced cofactors, NADH and FADH2, are subsequently 
produced from the citric acid cycle. Oxygen is the final electron acceptor in the electron transport 
chain, regenerating oxidized cofactors, NAD+ and FAD+. There is a four-protein complex in the 
electron transport chain that is involved in moving electrons from NADH and FADH2 to oxygen. 
A hydrogen ion gradient is established by pumping four hydrogen ions across the membrane from 
the matrix into the intermembrane space, producing ATP (Nelson et al. 2008)  
Carbohydrate, fat, or protein ingested in excess of energy needs are stored as triglycerides 
that can be mobilized for energy later, enabling the body to withstand periods of nutrient 
deprivation. During lipolysis, 75% of all fatty acids are released and reesterified to form 
triacylglycerols.   
Ingested triacylglycerols are insoluble macroscopic fat particles that, before they can be 
absorbed through the intestinal wall, must be converted to microscopic micelles; bile salts facilitate 
this step. Bile salts are synthesized from cholesterol in the liver and stored in the gallbladder; they 





Lipid droplets, stored in the adipocytes, are mobilized for use elsewhere in the body by 
lipolytic enzymes. These lipases hydrolyze triglycerides into their glycerol and fatty acid 
components until only glycerol remains, and this breakdown requires three enzymatic reactions. 
Adipose triglyceride lipase (ATGL) modulates a first and rate limiting step of lipolysis. During 
this step, triacylglycerol is converted to diacylglycerol and a free fatty acid; this free fatty acid can 
then enter the bloodstream. Hormone sensitive lipase (HSL) removes another fatty acid, converting 
diacylglycerol to monoacylglycerol. In the end, monoacylglycerol lipase (MGL) will generate 





Materials and Methods 
1.6 Animal care 
Rainbow trout were hatched in June 2015 and reared at the National Center for Cool and 
Cold Water Aquaculture. The first set of fish was sampled as a baseline when they were 6 months 
old before the experimental diet began on December 2015.  
A constant 24-h photoperiod was provided, and feed was administered every alternate hour 
using automated feeders (T-drum 2000CE; Arvo-Tec, Fin-land). Water temperatures ranged from 
12.4 to 14.0 C. Fish were maintained indoors, under simulated ambient photoperiod.  
1.7 Fish sampling protocols 
Rainbow Trout from each tank were selectively sampled and sequentially euthanized with 
an overdose (200 mg/L) of tricaine methane sulfonate (MS-222; Western Chemical, Ferndale, 
Washington). Fish were individually brought to a team of researchers; they measured the length 
and weight of fish, then the viscera was removed through a ventral, midline incision. Fish were 
butterfly filleted and the fillets were weighed. The measurements were taken for fillet thickness 
and ventral “belly-flap” thickness using digital microcalipers. To measure thickness, three location 
were considered along the length of the carcass, at approximately 5, 50, and 95 percent of the 
overall fillet or belly flap length (cranial to caudal). 
1.8 Experimental design 
 Fish care and experimentation follow guidelines outlined by the US Department of 
Agriculture (USDA) and the National Center for Cool and Cold Water Aquaculture (NCCCWA; 
USDA Agricultural Research Service; Kernersville, WV, U.S.A.) Animal Care and Use 





Publication Guide for Care and Use of Laboratory Animals. Rainbow trout eggs were hatched at 
USDA National Center for Cool and Cold Water Aquaculture, and fish were reared at the 
Freshwater Institute, Shepherdstown, West Virginia until harvest at 9 and 11 months of age. Four 
families were selected based on their whole-body weights before the diet experiment began. The 
two fast-growing families had the heaviest average body weight and the two slow-growing families 
that had the lowest average body weight among other families. From each family 3 fish were fed 
a fish meal or fish meal free diet (Table 3; 3 fish-by-4 families-by-2diets). Treatment combinations 
were replicated three times with tank as the experimental unit. In this case, the smallest unit to 
which diet was applied was the circular tanks.  Three fish from each tank-by-diet-by-family 
combination were randomly selected at two weight endpoint, 750 and 1000 grams. The average 
weight of fish at 9 and 11 months of age was 581.15 and 912.63 grams, respectively. This 
experiment was conducted in the context of a sub-subplot design. Diet was a whole plot factor 
with two levels; family is the subplot factor with four levels, and harvest endpoint is a sub-subplot 
factor with two levels.  
Statistical analysis was done using JMP and SAS software (JMP®, Version Pro 14.0, SAS 
Institute Inc., Cary, NC, Copyright ©2015; SAS®, Version 9.4, SAS Institute Inc., Cary, NC, 
Copyright ©2002-2012). ANOVA model reflecting the split-split plot was applied in PROC 
GLIMMIX of SAS with fixed effects of Diet, Family and Age and random effect of tank by diet 
and Kenward-Roger method for denominator degrees of freedom approximation. Differences 
among the treatment levels for main effects and interactions were detected by multiple 
comparisons with Tukey adjustment. Effects were considered significant at P  0.05. Data are 





1.9 Fillet characteristics 
Average fillet thickness was calculated following measurement with digital calipers at 
three standardized location; just cranial to the pectoral fin, just caudal to the pelvic fin, and at the 
vent. Separable muscle yield is boneless skinless fillet calculated as a percent of Whole-Body 
Weight (WBW). Separable muscle is boneless, skinless fillet following removal of the pectoral 
girdle, vertebral column and associated ribs, belly flap with pectoral fins, and the skin.  
To record the fillet surface color, a chromameter (Minolta, Model CR-300; Minolta 
Camera Co., Osaka, Japan) was used. This instrument was color calibrated using a standard white 
plate No. 21333180 (CIE Y 93.1; x0.3161; y0.3326), and lightness, redness, and yellowness values 
were recorded at three locations above the lateral line along the long axis of the right fillet. 
To analyze the texture, fillet cut into 440 X 80 mm sections and were cooked in a 
microprocessor-controlled smoke oven (Model CVU-490; Enviro-Pak, Clackamas, OR, U.S.A.) 
at 82 °C. The cooking process was stopped when the internal fillet temperature reached 65.5◦C. 
This cooking temperature was selected according to U.S. Department of Agriculture (USDA) 
recommended, minimum internal temperature (Nilsson and Ek-strand 1995) for fish to achieve a 
safe temperature without overcooking. After 45 minutes of cooking, samples were cooled at room 
temperature. Cook loss was calculated as the percent loss between raw and cooked samples.  
To measure the instrumental texture, texture of raw and cooked fillet sections was 
measured at room temperature (25 °C) using a 5‐blade, Allo‐Kramer (AK) shear attachment 
mounted to the TA‐HDi® Texture Analyzer (Texture Technologies Corp., Scarsdale, N.Y., 
U.S.A.), equipped with a 50‐kg load cell, at a crosshead speed of 127 mm/min. Force‐deformation 
graphs were recorded and analyzed using the Texture Expert Exceed software (version 2.60; Stable 





sheared perpendicular to the long axis of the fillet. Force‐deformation graphs were recorded and 
analyzed using the Texture Expert Exceed software (version 2.60; Stable Micro Systems Ltd., 
Surrey, U.K.). 
Moisture, crude fat, crude protein, and ash content were determined for muscle samples. 
All procedures followed AOAC approved methods (AOAC, 1990). For estimation of moisture 
content, aluminum pans were weighed using the analytical balance. One to two grams of sample 
were placed into each pan and placed in the drying oven overnight at 110 °C. Moisture content 
was calculated by difference based on weight of cooled pans with dried samples. Crude fat content 
was determined for muscle. All procedures followed the Soxhlet indirect method; 1 - 1.5 g sample 
was weighed using an analytical balance, and these samples were wrapped in Whatman # 41 filter 
paper. Samples were placed in a Soxhlet extractor between 18 and 24 hours. Following extraction, 
samples were dried overnight in a 110 °C drying oven and reweighted. Crude protein was 
calculated using KjeltecTM 2300 (Foss North America; Eden Prairie, Minnesota, U.S.A.). 
Approximately 0.3-gram sample and copper-sulfate tablets used as a catalyst, were dissolved in 
10 ml of sulfuric acid. Samples were placed in a 400 °C heating block at 50 minutes for digestion. 
After cooling, 25 mL of distilled water was added with swirling and heating to re-suspend solids. 
Tubes containing the solutions were distilled and titrated on the Kjeltec distillation unit. Volume 
of acid required to titrate the samples was then considered to determine nitrogen content. 
Therefore, percent crude protein was calculated from percent nitrogen using 6.25 as the conversion 
factor. 
To determine ash content, 1-3 grams of sample were placed in a crucible and kept in an ashing 
oven overnight at 550 °C. After cooling, the difference in weight between initial and ashed sample 





1.10 Fatty acid analysis 
Lipid extraction and fatty acid methylation are complete.  
1.10.1 Lipid extraction: 
The lipid extraction was accomplished by Bligh and Dyer (1959) procedures using a 
chloroform-methanol (C: M) mixture. For lipid extraction, 0.5 gram of powdered muscle was used. 
In the next step, 5 ml Trizma/EDTA buffer was used to adjust to pH=7.4, and 20 ml C: M: A 
(chloroform: absolute methanol: glacial acetic acid (C: M:A); 400:200:3mL) were added. Tubes 
were hold at room temperature for 10 minutes. The mixture was centrifuged at 900x g (4000 rpm) 
for 10 minutes at 10 ˚C. The lower layer was filtered through a 1-PS filter (filter paper was pre-
rinsed 3 times with 5ml 2:1 C: M). the upper layer was again centrifuged with 10 ml 4:1 C: M. 
The lower layer again filtered through a 1-PS filter. All filtered samples were collected and dried 
under nitrogen gas at 60 ˚C in a heating block.  
1.10.2 Methylation: 
Extracted lipids were methylated using the method Fritshe and Johnston (1990).  
Four ml of 4% H2SO4 solution were added to the extracted samples and a test tube rack of 
extracted samples was incubated in a water bath at 90 ˚C for 60 minutes. Samples were cooled at 
room temperature, and 3 ml of deionized/distilled water were added to stop the reaction. Samples 
were extracted with 8 mL chloroform and centrifuged at 900x g (4000 rpm) and 10 ˚C for 10 
minutes. The bottom layer (chloroform layer) was transferred through a Na2SO4 filled pipette into 





The pipette was rinsed again with a half pipette of chloroform. Extracted samples were 
dried under nitrogen gas in 60 ˚C heating block. The dried sample was re-suspended in 3mL of 
filtered isooctane and stored at – 20˚C until gas chromatography (GC) analysis. 
1.10.3 Fatty acid separation and quantification: 
Fatty acid analyses were not complete at the time of thesis preparation due to GC 









Results and discussion 
Butterfly Fillet Yields.  Percent butterfly fillet for fish on the FMF diet was greater (adjusted 
P-value=0.02) than for fish on the FM diet. Pairwise-comparisons of LS Means among four 
families indicate that trout from families 40, 102 and 159 had higher percent butterfly weights than 
family 187 (adjusted P-value =0.01, 0.03, and 0.002, respectively). Rainbow trout at 9 and 11 
months did not respond similarly within each family (40, 102, 159 and 187) for percent butterfly 
fillet (P<0.05). Pairwise-comparisons of LS Means among four families and two ages indicate that 
fish from families 102 and 159 at 9 months had higher percent butterfly weight than fish from 
family 187 at the same age (Adj p=0.018 and 0.0108, respectively). Nine-month old fish from 
family 159 also had higher butterfly yields than fish from 187 at 11-month-old (Adj. p=0.03) 
(Figure 1). The main effect of age, diet, family, and their interactions did not affect separable 
muscle as a percent of whole-body weight (P>0.05). 
Butterfly fillet yields for fish fed FM and FMF diets were 69.92 ± 0.29 and 71.45 ± 0.3, 
respectively. From a production and economic perspective, a FMF diet could replace a FM diet 
without any negative effect on butterfly weight. Barrows and Frost (2014) reported that diets 
containing blends of pistachio and almond meal with only 5% fishmeal resulted in comparable 
rainbow trout growth compared to a standard fishmeal-based diet ( Barrows and Frost, 2014). 
Liland (2015) also indicated that inclusion of poultry meal and porcine blood meal in Atlantic 
salmon diets can result in health benefits such as reduced liver triacylglycerols and a trend towards 
improved gut health (Liland et al., 2015) without compromising growth.  
Percent separable muscle was not affected by diet, age, and family. In addition, the 





In a significant diet-by-family interaction, fish from family 159, fed the FM diet, had 
thicker fillets than fish from families 102, 159, and 187 which were fed the FMF diet, and family 
102, fed with FM diet (adjusted P-value=0.02, 0.01, 0.003, and 0.02, respectively) (Figure 2). 
Trout fillets at 9 months were thicker than at 11 months (16.89  0.28 v, 15.06  0.28 mm, 
respectively). Pairwise-comparisons of LS Means indicated that belly flap thickness increased as 
age of trout increased from 9 to 11 months old, 0.85 0.02 and 1.07 0.02, respectively (adjusted 
P-value <.0001). Trout fed the FM diet had thicker belly flaps than trout fed the FMF diet (adjusted 
P-value =0.02). Davidson et al. (2014) reported that fillet thickness was positively correlated with 
age, and their findings are in agreement with our results. 
Compositional Analyses. Few, separable muscle composition differences were associated 
with treatment variables (Table 1). Ash content was unaffected (P>0.05) by diet, age, and family. 
Percent crude protein was higher in fish at 11 (adjusted p-value=0.01) than 9 months. Trout fed 
the FM diet had higher fat and lower moisture levels compared to those that were fed the FMF diet 
(adjusted p-value=0.001 and 0.01, respectively); these components of muscle proximate 
composition are inversely related.  Pairwise-comparisons of LS Means among families indicate 
that trout from families 102 and 159 have a higher amount of fat than family 187 (adjusted p-
value=0.001 and 0.008, respectively). And, as we expected the intramuscular moisture in trout 
from family 187 were much higher compared to families 102 and 159 (adjusted p-value=0.004 and 
0.02, respectively). Various studies on different types of fish reached a similar conclusion; fish 
with relatively low moisture content had high lipid content. (Palmeri et al., 2007). Palmeri (2007) 
also reported that muscle protein content was inversely proportional to lipid content across fillet 
portions in all fish species. These results support our findings; trout from family 102 were higher 





Cook yield was affected by diet and family (P<0.05). Pairwise-comparisons of LS Means 
among four families indicate that boneless, skinless trout fillets from family 159 had higher percent 
cook yield than family 40, 102, and 187 (adjusted p-value=0.001, 0.0001, and 0.001, respectively). 
Fish fed the FM diet have a higher percent cook yield (adjusted p-value=0.002). Typically, greater 
cook yield indicates increased water and fat retention. It is expected that increased fillet thickness 
would slow cooking rate and contribute to greater cook yield.  Family 159 fillets exhibited the 
highest cook yield and these fillets were also thicker compared to other families. In addition, 
among the four families, 102 trout had highest percent intramuscular fat and therefore, reduced 
cooked yield from other families. These results agree with Davidson et al. (2014) who evaluated 
fillet quality of rainbow trout and arrived at the same conclusions regarding cook yield of rainbow 
trout (Davidson et al., 2014).  
Texture. Cooked fillet shear force at 9 and 11 months did not respond similarly within each 
family (40, 102, 159 and 187) for Allow-Kramer shear force. Pairwise-comparisons of LS Means 
indicate that families 102 and 187 trout, at 11 months, had a higher shear force than family 40 trout 
at 11 month and family 159 trout at 9 months (Figure 3).  
Diet, family, and age had a significant effect on raw fillet Allo-Kramer shear force. 
Pairwise-comparisons of LS Means among four families revealed that raw fillets from families 40 
and 187 were firmer than family 159 (adjusted p-value=0.02 and 0.001, respectively). Raw shear 
force of fish on the FMF diet was higher than fish on FM diet (adjusted P-value=0.04). Likewise, 
raw fillet shear force in fish at 9 months old was higher (adjusted P-value=0.003) than at 11 
months.  
Shear force is a reliable assessment of fish fillet firmness. In the current study, shear force 





cooked fillet firmness was due to denaturation of muscle fibers and water loss (Schubring 2008). 
During cooking, due to the water evaporation, shear force value increased among four family. 
Increased energy of shear for cooked fillets suggested that they were more extensible than their 
raw state. Heat induces several chemical and physical changes associated with muscle fiber and 
connective tissue proteins, and as a result of these chemical and physical changes, water-holding 
capacity is reduced in 2 phases (Hamm 1977). Between 30 and 50◦C, coagulation of myofibrillar 
proteins takes place, and the largest decrease in water-binding capacity is observed. From 55 to 
90◦C, shrinkage of the connective tissue network and increased interaction of the coagulated 
actomyosin system cause smaller amounts of water to escape. These results are similar to the 
results from other studies (Aussanasuwannakul et al., 2010) who showed that cooked fillets of 
rainbow trout have higher shear force. Typically, there is a highly correlations between tenderness 
and the fat content of the flesh. Based on our results, the average fat percent in trout fed the FM 
diet were higher than FMF diet. Therefore, we expected that the shear force be higher in fish that 
consumed a FMF diet, since the fat content was lower in their diet. 
  Diet, family, and age had a significant effect on raw and cooked energy of rainbow trout 
fillet (P<0.05). Pairwise-comparisons of LS Means shows that cooked and raw energy from fish 
at 11 months old was around thirty five percent more for fish fillets from animals at 9 months. 
(adjusted P-value=0.0001 and 0.0001, respectively). Pairwise-comparisons of LS Means indicate 
that raw and cooked energy in trout that fed with FM diet were higher than trout that fed with FMF 
diet (adjusted p-value=0.009 and 0.0004, respectively). Trout from families 40, 159, and 187 had 
a higher cooked energy than family 102 (Table 2; adjusted P-value = 0.02, 0.006, and 0.001, 
respectively). In addition, energy in raw trout from family 40 and 187 was higher than family 102 





Color. Yellow-to-blue color value of fillets (b*) was not affected by diet, age, and family 
(P>0.05). Pairwise-comparisons of LS Means among families reveal that trout from family 187 
have a higher red-to-green color (a*) value than family 159 (adjusted p-value= 0.004). The a* 
value color of fish on the FM diet was higher (adjusted p-value=0.01). In addition, a* value color 
was higher for fish at 11 months old (adjusted p-value=0.02).  
Pairwise-comparisons of LS Means indicate that lightness (L*) value in fish from family 
40 and fed the FMF diet (Figure 4) was higher than fish from 187 and 40 that were on the FM diet 
(adjusted P-value=0.01 and 0.04, respectively). 
The a* value of fillets was higher for trout fed the FM diet, indicating the greater degree of 
redness. Our results agree with a previous study that indicated, as the age of fish increased the 
redness of the fillet tended to increase (Moon et al., 2006). Fillet color is an important quality 
attribute that consumers differentiate. Davidson (2018) indicated that a* value was higher for 
Salmon, Salmo salar, fed the FMF diet, which supports our findings. In addition, results from 
current study agree with Moon et al (2006), who found that there is no relationship between age 
and lightness of meat.  
Head-on-gutted fish from the FM diet were heavier (Figure 5; adjusted p-value=0.005), 
and this observation is consistent with results of a study that was done with Atlantic salmon that 
were on FM diet (Davidson et al., 2018). Pairwise-comparisons of LS Means among four families 
indicate that trout from families 40, 159, and 187 have a higher head-on-gutted percent than fish 
from family 102 (adjusted p-value=0.0009, 0.0001, and 0.022, respectively) (Figure 5). Head-on-
gutted weight of trout at 11 months old was thirty eight percent heavier than 9-month-old fish 






Summary and conclusions  
In this study, fish from four families were fed a fish meal or fish meal free diet, and they 
were harvested at 9 and 11 months of age. Type 3 Tests of Fixed Effects of diet, family, and age 
were implemented on response variables that were related to weight and quality attributes of fillet 
to analyze the significance of the effect of family, age, diet, and their interactions. The fishmeal 
free diet did not negatively affect butterfly fillet yield as a percent of whole-body weight. A family-
by-diet interaction was observed for fillet thickness. Diet and family affected fat and moisture 
percent. In addition, protein percent of fillet was affected by age of trout. Trout fed the FM diet 
had higher fat and lower moisture levels compared to those that were fed the FMF diet. Diet and 
family had a significant effect on cook yield of fillet as a product attribute. Cook yield in 159 trout 
was greater than for other families.  Moreover, head-on-gutted (HOG) percent as a product yield 
of rainbow trout fillet was affected by diet, family, age, and the interaction of family-by-age. Head-
on-gutted fish from the FM diet were heavier. Also, Head-on-gutted weight of trout at 11 months 
old was thirty eight percent heavier than 9-month-old fish. Cooked fillet shear force was affected 
by the interaction of family-by-age. Family 102 and 187, at 11 months, had a higher shear force 
than 40 trout at 11 month and 159 trout at 9 months. Raw fillet shear force was affected by family, 
diet, and age. Raw fillets from families 40 and 187 were firmer than family 159. Also, Raw shear 
force of fish on the FMF diet was higher than fish on FM diet, and raw fillet shear force in fish at 
9 months old was higher than at 11 months.  
 Diet, family, and age had a significant effect on raw and cooked energy of rainbow trout 
fillet. Degree of fillet redness (a*) was affected by diet of trout, trout that fed FM diet indicating 
the greater degree of redness. Additionally, trout from family 187 have a higher (a*) value than 





family. (L*) value in fish from family 40 and fed the FMF diet (Figure 4) was higher than fish 
from 187 and 40 that were on the FM diet. 
The results of this study can be potentially useful for engineers and operators of industry 







Table 1. Rainbow trout fillet composition as affected by diet, family and age (LS Means  Standard Error) 
        Diet                              Family         Age 






































































abFor each fillet characteristic different superscript letters indicate significant difference between 
or among the levels of the main effect.  
 
 
Table 2.Energy yield for raw and cooked fillet of rainbow trout (LS Means  Standard Error) 
 Diet   Family           Age 







































abcFor each fillet characteristic different superscript letters indicate significant difference between 








Table 3. formulation of the test (zero fishmeal/ low phosphorus) diet and the control (fish meal) diet 
 
  
Ingredient  Commercial Alternative 
Fish meal a    8.00  --  
Barley protein concentrate 
b  
  --  29.40  
Poultry meal c    16.60  22.80  
Soybean meal d    13.38  --  
Soy protein concentrate e    8.75  --  
Corn protein concentrate f    4.53  --  
Blood meal g    5.59  --  
Mixed nut meal h    --  8.70  
Wheat flour i    21.19  16.55  
Fish oil j    16.40  --  
Fish trimmings oil k    --  14.52  
Lysine HCl    1.36  1.30  
Methionine    0.58  0.45  
Threonine    0.52  0.22  
Taurine    --  0.50  
Dicalcium phosphate    1.20  2.26  
Vitamin premix l    1.00  1.00  
Choline CL    0.60  0.60  
Vitamin C m    0.20  0.20  
Trace min premix n    0.10  0.10  
Sodium chloride o    --  0.28  
Potassium chloride o    --  0.56  
Magnesium oxide o    --  0.05  
Calculated composition, as-is basis 
 
 
Crude Protein, %                                              40.0             40.0 
Lipid, %                                                             20.0             20.0 





a Menhaden Special Select, Omega Proteins Corp, 610 g/kg crude protein  
b Montana Microbial Products, 521 g/kg crude protein  
c IDF Inc., 832 g/kg protein  
d Archer Daniels Midland Company, 472 g/kg protein  
e Hamlet Protein, HP-300, 560 g/kg crude protein  
f Cargill, Empyreal 75, 756 g/kg crude protein 
g Wilbur-Ellis, 892 g/kg crude protein 
h Adaptive Bio-Resources, 546 g/kg crude protein 
i Manildra Milling, 120 g/kg protein 
j Omega Proteins Inc., Virginia Prime menhaden oil 
k BioOregon Protein Inc., North Pacific whitefish trimmings oil 
l DSM Nutritional Products ARS 702; contributed, per kg diet; vitamin A 9650 IU; vitamin 
D 6600 IU; vitamin E 132 IU; vitamin K3 1.1 gm: thiamin mononitrate 9.1 mg; riboflavin 9.6 mg; 
pyridoxine hydrochloride 13.7 mg; pantothenate DL-calcium 46.5 mg; cyancobalamin 0.03 mg; 
nicotinic acid 21.8 mg; biotin 0.34 mg; folic acid 2.5 mg; inostitol 600 mg. 
m Stay-C, 35%, DSM Nutritional Products 
n Sigma-Aldrich Company, ARS 640, contributed in mg/kg of diet; manganese 13; iodine 
5; copper 9; zinc 40. 







Figures   
 
Figure 1. Effect of Family-by-Age Interaction (LS Means) on butterfly fillet as a percent of whole-body weight 
abcFor each fillet characteristic different superscript letters indicate significant difference between 
or among the levels of the main effect. 
 
 
Figure 2.Effect of Diet-by-Family Interaction (LS Means) on fillet thickness size of rainbow trout 
abFor each fillet characteristic different superscript letters indicate significant difference between 












































































Figure 3.Effect of Family-by-Age interaction (LS Means) on cooked shear force value of rainbow trout 
abcFor each fillet characteristic different superscript letters indicate significant difference between 
or among the levels of the main effect. 
 
 
Figure 4.Effect of Diet-by-Family interaction (LS Means) on lightness (L*) value color of rainbow trout 
abFor each fillet characteristic different superscript letters indicate significant difference between 











































































Figure 5.Effect of Family-by-Age interaction on head-on-gutted percent of rainbow trout (LS Means) 
abFor each fillet characteristic different superscript letters indicate significant difference between 
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